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Motivation
Take advantage of the new ATF facility to demonstrate suppressed noise e-
beam in higher energies (and lower wavelengths).
Continuation of previously conducted experiment in ATF. 
First time demonstration of Undulator spontaneous radiation suppression.
Collective-micro-dynamics is the underlying mechanism in disruptive 
phenomena such as: 

•  Micro-bunching instability 
•  Coherent Optical Transition Radiation effects in beam diagnostics

All appear in transport of modern-day bright high quality electron beams in 
the presence of dispersive elements.
This also may be a problem in major new FEL projects like LCLS II, where high 
current, high quality beams are transported to great distances at high 
energies.



modulation parameters.

In a free drift beam transport section with uniform beam parameters,

this relativisticlly extended theory results the following dynamic equations

for the spectral noise parameters:

ĭ(z,⌃) = [cos⇧pĭ(0,⌃)� i(sin⇧p/Wd)V̆ (0,⌃)]ei⇤b(z) (5)

V̆ (z,⌃) = [�iWd sin⇧pĭ(0,⌃) + cos⇧pV̆ (0,⌃)]ei⇤b(z) (6)

where ⇧b =
⌅
vz
z, ⇧p = ⌅prz, ⌅pr = rp

⌅
0
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, ⌃

0
p = ( e2n0

m⇥0�3 ), Wd =
�
µ0/⇤0/k⌅prAe.

These are the well known plasma oscillation equations of a space charge

column, as viewed in the laboratory frame when the plasma is drifting.

The initial current and kinetic-voltage modulation amplitudes are not known

when they are generated by a random process of electrons injection into the

drift section at random energies (within a given range of small energy spread

⇥Ec around the center energy �0mc2). From the classical one dimensional

shot-noise theory [?]:

|̆i(0,⌃)|2 = eIb (7)

|V̆ (0,⌃)|2 = (⇥Ec)2

eIb
(8)

here ⇥Ec is the longitudinal energy spread in the beam. In low noise vacuum

tube guns it is ideally limited by the cathode temperature (⇥Ec
⇥= kBTc where

Tc is the cathode temperature), but it is significantly increased during the

acceleration processes in an RF-gun injector and accelerator. The statistical

averaging symbol corresponds to averaging over the initial entrance times of

the electrons t0 and their velocity distribution.

This model is essentially a modified one-dimensional longitudinal model

Interaction. It applies to an e-beam with finite cross section area Ae when

6

Shot Noise



modulation parameters.

In a free drift beam transport section with uniform beam parameters,

this relativisticlly extended theory results the following dynamic equations

for the spectral noise parameters:
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What does the noise suppression and 
homogenization process looks like? 



Operating Parameters
• Pulse Length: 5 pS

• Beam Energy: 50-70 MeV

• Beam Current: 40-100 A

• Normalized Emittance: ~3 mm-mrad

• Initial Beam Size: 400-500 um

• Acceleration Phase: On crest

• Copper OTR Screen

• Basler CCD camera equipped with a Nikkor Macro lens (100 
mm)



Experimental Results
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Beating the shot-noise limit
Avraham Gover1*, Ariel Nause1, Egor Dyunin1 and Mikhail Fedurin2

The current shot-noise of an electron beam is proportional to
its average current and the frequency bandwidth. This is a
consequence of the Poisson distribution statistics of particles
emitted at random fromany source. Herewedemonstrate noise
suppression below the shot-noise limit in optical frequencies
for relativistic electron beams. This process is made possible
by collective Coulomb interaction between the electrons of
a cold intense beam during beam drift1. The effect was
demonstrated by measuring a reduction in optical transition
radiation power per unit of electron-beam pulse charge. This
finding indicates that the beam charge homogenizes owing to
the collective interaction, and its distribution becomes sub-
Poissonian. The spontaneous radiation emission from such
a beam would also be suppressed (Dicke’s subradiance2).
Therefore, the incoherent spontaneous radiation power of
any electron-beam radiation source (such as free-electron
lasers3,4) can be suppressed, and the classical coherence
limits5 of seed-injected free-electron lasers6 maybe surpassed.

Current shot-noise suppression in an electron beam in the
optical frequency regime is an effect of particle self-ordering
and charge homogenization on the scale of optical wavelengths7,
which statistically corresponds to the exhibition of sub-Poissonian
electron number statistics (similarly to photons in squeezed light8).
A dispute over the feasibility of this effect at optical frequencies
is resolved in the experiment reported here. We have evidence
for electron-beam noise suppression from measurement of the
optical transition radiation (OTR) power emitted by a beam on
incidence on a metal screen after passing through a drift section.
The OTR emission is proportional to the current shot-noise of
the incident beam.

In a randomly distributed stream of particles that satis-
fies Poisson statistics, the variance of the number of parti-
cles that pass through any cross-section at any time period
T is equal to the number of particles N

T

that pass this
cross-section during the same time T , averaged over different
times of measurements. Consequently, the current fluctuation is
I = e

p
N

T

/T = e

p
IbT/e/T = p

eIb/T . When formally calculated,
the average beam shot-noise spectral power (�1<!<1) is:

|ˇI (!)|2 = eIb (1)

Here I (t ) is the beam current modulation, and the Fourier
transform is defined as ˇI (!)=

R 1
�1ei!t I (t )dt .

In radiofrequency linear accelerators (RF-LINACs) it is usually
assumed that collective inter-particle interaction is negligible
during beam acceleration and transport, and the shot-noise
limit (1) applies. However, with recent technological advances in
radiofrequency accelerators, and in particular the development
of photocathode guns9, high-quality cold and intense accelerated
electron beams are available, and the neglect of collective micro-
dynamic interaction effects in the transport of such electron beams
is no longer justified. Effects of coherent OTR emission and

1Tel-Aviv University, Tel-Aviv 69978, Israel, 2ATF, Brookhaven National Lab, Upton, New York 11973, USA. *e-mail: gover@eng.tau.ac.il.

super-linear scaling with Ib of the OTR emission intensity were
observed in the LCLS (LINAC Coherence Light Source) injector10
at SLAC and in other laboratories11. These effects, originally
referred to as unexpected physics12, are now clearly recognized
as the result of collective Coulomb micro-dynamic interaction
and establishment of phase correlation between the electrons
in the beam. In these cases, however, the collective interaction
led to shot-noise and OTR power enhancement (gain), and not
to suppression. Collective effects were shown to be responsible
also for beam instabilities (micro-bunching instability) that were
observed in dispersive electron-beam transport elements13,14.
Collective microdynamic evolution of 1 THz coherent single-
frequency current modulation was recently reported15, but no
stochastic optical noise suppression effect could be observed.

Noise gain due to collective interaction has been demonstrated
in numerous laboratories, but the notion of beamnoise suppression
at optical frequencies1 has been controversial (although analogous
effects were known in non-relativistic microwave tubes16). To
explain the physics of the noise suppression, we point out that in
the electron-beam frame of reference the effect of noise suppression
appears as charge density homogenization. The simple argument
that follows shows that the space-charge force, which is directed
to expand higher density charge bunches, has a dominant effect
over the randomly directed Coulomb repulsion force between the
particles (Fig. 1).

Assume that in some regions of the beam, there is higher
particle-density bunching. Encompassing such a bunch within a
sphere of diameter d 0, the excess charge in this sphere is e1N

0,
and the potential energy of an electron on the surface of the
sphere is "sc = e

21N

0/2⇡"0d 0. This potential energy turns in time
into kinetic energy of electrons, transferred in the direction of
bunch expansion (homogenization). At the same time, the electron
also possesses an average potential energy due to the Coulomb
interaction with neighbour electrons at an average distance n0

0
�1/3

(n0
0 is the average density in the beam frame). This potential energy

"Coul = e

2/4⇡"0n0
0
�1/3 turns into kinetic energy of electrons that

are accelerated in random directions. In a randomly distributed
electron beam that satisfies Poisson statistics 1N

0 = N

01/2, where
N

0 =⇡d 03
n

0
0/6 is the average number of electrons in such a sphere.

Therefore, the condition for domination of the directed space-
charge energy over the random energy is

"sc

"Coul
=

✓
2⇡
3

d

0

n

0
0
�1/3

◆1/2

> 1 (2)

We conclude that a random cold beam of density n

0
0 always

tends to homogenize in any spatial scale larger than the average
inter-particle distance: d 0 >n

0
0
�1/3.

The expansion trend of a dense bunch would clearly tend
to homogenize the charge distribution of an initially cold
electron-beam plasma. The timescale for the homogenization
process can be connected only to the plasma frequency—the
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Suggested Experiments in ATF2

!

Main Goals
Suppression of spontaneous (incoherent) 
radiation emission in electron beam 
radiation schemes (sub-radiance in the sense 
of Dicke). 

In the context of FELs: demonstrating 
radiation noise suppression and coherence 
enhancement of seed radiation injected FEL.

Noise suppression in the UV range.



Experimental Plan

• Drift/dispersive scheme. Scan Chicane R56 to control and 
suppress Undulator spontaneous radiation (first stage).

• Drift/dispersive scheme. Scan Chicane R56 to control e-
beam noise and demonstrate noise suppression 
measured with OTR screens along the beam line (second 
stage).

• Drift only scheme in later experiments. Noise will be 
evaluated by measuring TR power (second stage). 



Experimental Concept
Suppression of spontaneous Undulator radiation.

• Measuring the spontaneous radiation from an Undulator and 
studying the radiation spectral intensity using a CCD or 
spectrometer. 

• The undulator radiation will serve as a sensitive diagnostic 
means for evaluating the noise suppression and at the same 
time will also exhibit demonstration of spontaneous emission 
sub-radiance in an FEL undulator. 

• Without suppression one would expect to measure on axis a 
substantial level of undulator radiation power in proportion 
to the un-suppressed current shot-noise input level. 
Detection of suppression can be made with good sensitivity 
by measuring the integrated optical power. 



Experimental Method
Scan Chicane R56 to control and suppress Undulator 
spontaneous radiation.
• Demonstrate Undulator spontaneous 

radiation suppression in a relativistic electron 
beam in a drift/dispersive scheme using two 
Chicanes as the dispersive sections: SDL 
Chicane installed after linac 1 (E=80MeV) and 
a small chicane (OK4) which we will install 
right after Linac2 triplet. 

• Suppression rate will be measured using a 
CCD camera or a spectrometer recording 
emitted radiation from the Undulator.

• The R56 parameter of the chicane will be 
scanned in order to observe the effect.



Experimental Method
• SDL chicane already installed between the two linac sections.
• OK4 mini Chicane will be installed after linac exit and before the bending dipole.
• UCLA 1.5cm Undulator will be installed right after the dipole.
• Beam will not be compressed (on crest acceleration) or bended.
• The R56 values can be achieved are up to 3mm for OK4 and a few cm for the 

SDL Chicane.

Triplet1

Detector

Undulator

Triplet 2 LINAC exit

Mini-Chicane RadiationChicane



Experimental Method

Chicane

Mini-Chicane

Undulator

8m



Experimental Method
• The radiation pattern from 

an Undulator is proportional 
to the beam micro-
bunching spatial spectrum. 

• A better tool for studying 
the 3-D features of micro-
bunching. Of most interest 
is the maximal emission on 
axis within a coherence 
cone. 

• An expression for the 
spatially coherent Undulator 
spectral power (spatially 
filtered "single transverse 
mode") is:  

•                                              

OTR from a single electron

Ariel Nause
Department of Physics
Tel Aviv University

Haim Levanon, Ramat Aviv, Israel
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Numerical Model
We construct the theoretical model example from 

three segments as follows:
1) Free drift of 8m from the exit of the first LINAC 

(the second is off) until the dipole magnet – Md0.
2) Dispersive section, which in this example is 

OK4, length of 0.35m – Mdisp.
3) Free drift of 3m, from the end of the chicane 

until the entrance to the Undulator – Md1.



Matrices
Transfer matrices represent the transformation of 
density bunching and velocity bunching. 
Free drift matrix:
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Dispersive section matrix:

Final result is multiplication of three matrices:
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Beam Parameters

• E=100-300 MeV (turning the second acceleration section 
on/off and using the SLED cavities energy doubler option), 
sigma = 300-500 um, Q=100-1000 pC. 

• Relatively large beam transverse profile was used in order to 
use as little focusing as possible in the drift.
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|Ĭ
(
L
,ω

)
|2

|Ĭ
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Numerical Results
Scan Chicane R56 to control and suppress current noise.

Energy
100 

[MeV]

Pulse Charge 0.1-0.5[n
C]

Beam Waist 0.3 [mm]

Normalized 
Emittance 1-2[µm]

Δγ/γ 0.05[%]

Ld 8[m]

λ 0.3[μm]
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Numerical Results
Scan Chicane R56 to control and suppress current noise.

Energy 300
[MeV]

Pulse 
charge

0.1-0.25[
nC]

Beam waist  0.25 [mm]

Normalized 
emittance 1-2[µm]

Δγ/γ 0.05[%]

Ld 15[m]

λ 0.1[μm]



We calculate the maximal R56 coefficient using the amplitude of the magnetic 
field in the chicane dipoles. We take SDL Chicane as an example:
We use:
!
Where:
!
!
We assume constant magnetic field in the dipoles. 
We use amplitude of 0.45T for the magnetic field in the dipoles. 
We use lengths of 0.19m for the magnetic length of the dipoles, 0.38m drift 
between the outer dipoles and 0.28m drift between the inner dipoles.
!
This calculation gives a more accurate estimation of the R56. It’s based on 
geometrical size and magnetic fields of the dispersive section. Allows using 

a non-symmetrical chicanes as well (SPARC).

How to Estimate the R56 Value?
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How to Estimate the R56 Value?
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